T HE apex cardiogram was described in 1878 by Marey.' With the exception of its utilization in the timing of the opening snap of the mitral valve 2 3 and in the identification of the third and fourth heart sounds,4-6 it has been used only infrequently as an aid in timing cardiac phenomena. Technical difficulties in its recording have obstructed its more universal application and, more particularly, its use in timing systolic events of the cardiac cycle. There is no general agreement about the meaning of the apex cardiogram. It is still argued whether the tracing represents the recording of lowfrequency vibrations of the precordium or of the actual movements of the heart.3 7-9 Furthermore, the normal configuration of the systolic wave of the apex cardiogram has not been determined with certainty. If a normal "systolic pattern" were established, deviation from this might be helpful in assessing certain pathophysiologic states.
It is the purpose of this report to analyze the normal configuration of the systolic wave of the apex cardiogram by comparing the apex cardiogram with the simultaneous 350-3200). The of five consecutive cardiac cycles was taken.
In two patients writh rheumatic valvular disease, simultaneous The a wave of the apex cardiogram reflects left ventricular filling due to left atrial contraction. The peak of this wave coincides with the fourth heart sound of the left side.'14 15 Since the right atrium contracts before the left atrium,16 a fourth heart sound occurring before the peak of the a wave of the apex cardiogram must be a right-sided phenomenon and therefore must represent right ventricular filling due to right atrial contraction.
Systolic Wave, Pre-ejection Components. After the inscription of the a wave the tracing developed a rapid positive deflection that reached a maximal systolic peak at the point of the onset of the upstroke of the carotid pulse (aortic valve opening.) The interval between the onset of the QRS complex and the onset of the systolic wave of the apex cardiogram (EMI) averaged 0.021 second (table 1). The onset of the systolic wave occurred at an average of 0.035 second before the recording of the main vibrations of the first heart sound attributed to mitral valve closure." ' 12 fig. 3) , it was found that the onset of the systolic wave of the apex cardiogram actually preceded the systolic rise of left ventricular pressure. This means that the pre-ejection component of the apex cardiogram (PEC-I) started before and included the pre-isometric phase 18, 19 of ventricular contraction. Wiggers 19 defined the pre-isometric phase of ventricular contraction as that interval during which intraventricular pressure rises before effective closure of the atrioventricular valves.
Direct observation in this laboratory showed a lag of 0.007 second in the cathetercable-manometer system. This accords well with the figure of 0.005 second found by Gordon et al.20 In figure 3 the upstroke of the systolic wave of the apex cardiogram preceded the rise of left ventricular pressure by 0.025 second. Subtracting the 0.007-second lag period within the catheter-cable-manometer system, this portion of the systolic wave of the apex cardiogram still clearly preceded the onset of rise of left ventricular pressure. Depending upon the degree of lag of the intraventricular recording system employed, the apex cardiogram recorded by Benchimol and Dimond in a patient with mitral regurgitation would appear similarly to precede the onset of the upstroke of the right ventricular pressure curve (ref. 13, fig. 10 ).
It seems, therefore, that following the spread of electrical depolarization the apex cardiogram records the earliest portion of left ventricular contraction and that this occurs before there is any rise in intraventricular pressure. Furthermore, this early contraction occurs simultaneously with an acoustic eventnamely, the initial low-frequency-low-amplitude vibrations of the first heart sound. It is suggested that both the first pre-ejection component (PEC-I) of the apex cardiogram and the simultaneous low-frequency lowamplitude sounds may reflect the early contraction of the trabeculae carneae and papillary muscles described by Rushmer. the onset of actual left ventricular ejection and the onset of the upstroke of the indirect carotid tracing. There is considerable lag (0.02 to 0.04 second), however, between recording of aortic valve closure (A2) and the incisura of the carotid tracing. Direct and indirect evidence supports the above statement:
1. The phonocardiographic study of a patient in whom an aortic cage-ball prosthesis 22 was inserted showed two high-frequency, large-amplitude clicks during the period of left ventricular ejection (X' and X", fig. 4 ). The first of these clicks (X') may be presumed to have occurred at the instant of impact of the silicone rubber-covered ball against the inner surface of the stainless-steel cage constituting the outer portion of the valve. Similarly, the second click (X") presumably occurred at the instant at which the ball returned to and struck the circular base of the same cage. Whereas X' coincided with the onset of the carotid tracing, there was a delay of 0.035 second between X" and the incisura of the carotid pulse.
2. The interval between the onset of M, and the onset of the upstroke of the carotid pulse (PEC-II, table 1) was 0.067 second in the present series and is comparable to that of 0.061 second found by direct measurement between the rise of left intraventricular pressure and the onset of left ventricular ejection. '6 3. The QRS complex preceded the beginning of the upstroke of the carotid pulse by an average of 0.125 second in the present series, whereas the interval from the onset of the QRS complex to the point of onset of left ventricular ejection in Braunwald's series 16 was 0.115 second.
4. The onset of the upstroke of the carotid pulse and the maximal systolic peak of the apex cardiogram coincided with the terminal low-frequency-low-amplitude vibrations of the first heart sound (fourth component) in all cases in the present study.
The evidence presented suggests that there is a negligible lag in the inscription of the onset of the upstroke of the carotid pulse (X', fig. 4 Diastolic Waves. It was not always possible to identify the onset of diastole in the apex cardiogram. In 18 of the subjects studied it was ushered in by a notch (N2) that coincided with the aortic component of the second sound. This notch, when recorded, interrupted the continuing secondary downstroke, signaling the end of the protodiastolic period and the onset of isometric relaxation.
Under special circumstances, such as the presence of systolic ejection murmurs arising in the right side of the heart and ending beyond aortic valve closure, or of reversed splitting of the second sound, the recognition of A2, measured from the incisura of the carotid pulse, may be difficult. In these cases A2 may be identified from its simultaneity with N2 of the apex cardiogram.
The 0 point, which marks the opening of the mitral valve,2' 3 was inscribed at an average of 0.091 second after the onset of A2. This interval, from the onset of A2 to the 0 point, measures indirectly the isometric relaxation phase of the left ventricle 14 (IRP, figs. 1 and 2).
Simultaneous apex cardiograms and pulmonary wedge pressure tracings have demonstrated that the 0 point of the apex cardiogram coincides with the peak of the v wave (opening of the mitral valve).14 It is general- Experience in this and other laboratories confirms the value of changes in configuration and amplitude of the waves of the jugular venous pulse in the differential diagnosis of various pathologic states. Examples include tall a waves in pulmonary hypertension, tricuspid and pulmonic stenosis;26 ventricularization (c-v complex) in the presence of tricuspid regurgitation;27' 28 and the differentiation between supraventricular and ventricular ectopic beats and between supraventricular and ventricular tachycardias.28 But its value as a reference tracing for the phonocardiogram must be questioned.
A comparison of the components of simultaneous apex cardiogram and jugular venous pulse showed the following ( fig. 6 ): (1) Even though, under normal conditions, tricuspid valve opening precedes mitral valve opening by 0.030 second 11 the summit of the v wave of the jugular venous pulse (tricuspid valve opening) was inscribed at an average of 0.066 second after the 0 point of the apex cardiogram (mitral valve opening) ( fig.  6 ). ( 2) The nadir of the y descent of the jugular venous pulse reflects the end of rapid right ventricular filling, and the peak of the rapid filling wave of the apex cardiogram marks the end of the rapid left ventricular filling phase. Although the former event, namely, right ventricular filling, is known to occur before left ventricular filling, the peak of the rapid filling wave of the apex cardiogram preceded the nadir of the y descent of the jugular venous pulse. (3) Despite the fact that normal right atrial contraction precedes left atrial contraction by 0.020 second,16 the peak of the a wave of the jugular venous pulse followed the peak of the a wave of the apex cardiogram by an average of 0.031 second. Similar relationships have been found by previous investigators.2 6 The Figure 7 Apex cardiogram recorded sequentially. Tracing A demonstrates proper placement of the chest pieces of the ACG, all components clearly shown. Notch N1 coincides with the onset of M1; notch N. coincides with A2 and the end-systolic shoulder (ESS) occurs before A2. A prominent third heart sound (S3) corresponds with a peaked rapid filling wave (RFW). Tracing B shows an out-of-phase recording with a diminutive a wave and distorted ejection components and diastolic waves. Tracing C shows the apex cardiogram with proper placement of the chest piece but with attenuated amplification. Although the time relationship with the acoustic events is maintained, the configuration of the systolic components is distorted.
Circulation, Volume XXX, September 1964 point of maximum impulse can be recorded in most normal subjects. These consist of systolic and diastolic components of definite and reproducible contour. The normal apex cardiogram has been the object of limited attention. The findings of the present investigation agree only in part with those reported in the few previous studies. The discrepancies can be explained partially by differences in technics. It has been demonstrated recently,14 for example, that when the chest piece of the apex cardiogram is placed at a point other than the maximal apex impulse, an out-ofphase distorted pulse wave is inscribed ( fig.  7 ).
Rappaport and Sprague3 have stated that the apex cardiogram records primarily lowfrequency vibrations. Because of its flat electronic response they considered it a linear phonocardiogram. According to these authors, it records accurately the first and fourth components (initial and terminal lowfrequency-low-amplitude vibrations) of the first heart sound, but poorly, if at all, the vibrations of higher frequency and larger amplitude (the mitral and tricuspid components of the first heart sound). In the present study, with a similar crystal microphone for pulse wave recording10 but with greater amplification and a smaller chest piece, notches coincident with the higher frequency, larger amplitude vibrations were well recorded. These were inscribed on the ascending limb of the systolic wave of the apex cardiogram coincident with the mitral (M,, figs. 1 and 2) and tricuspid components of the first heart sound and on the descending limb of the systolic wave of the apex cardiogram coincident with the aortic component of the second sound (N,2, figs. 1 and 2). With the present recording technic, then the apex cardiogram registered small notches coincident with the higher frequency and larger amplitude components of the first and second heart sounds. No notches were inscribed that coincided with the initial and terminal vibrations of the first heart sound. It cannot be said with certainty whethCirculation, Volume XXX, Septemhber 1964 er these notches reflect acoustic or hemodynamic events.
In a most timely publication Coulshed and Epstein31 see three principal uses in the apex cardiogram: ( 1) as a reference tracing in phonocardiography and particularly in timing left-sided phenomena; (2) in the evaluation of the relative role of stenosis and of regurgitation of the mitral valve; and (3) in the postoperative assessment of patients who have had mitral valve surgery. They consider that the apex cardiogram records both movements of the heart and changes in left ventricular volume but emphasize that it provides qualitative rather than quantitative information.
With these opinions we are in substantial accord. The apex cardiogram records motions of the chest wall which are, in large measure, produced by the heart. It reflects both the movements of the heart in the chest cavity and the intrinsic volume-pressure changes in the cardiac chambers-principally phasic contraction and emptying of the left ventricle on the one hand and relaxation and filling of this ventricle on the other. The deflections recorded are not random. They are uniform and can be explained on the basis of the known physiologic sequence of the cardiac cycle.
The morphology of the apex cardiogram is consistent with the thesis that it is largely the movement of the heart or the first derivative of the movement of the heart32 which is recorded. As the wave of excitation traverses the Purkinje system spreading over the endocardial surface of the ventricles, the trabeculae carneae and papillary muscles are the first structures of the heart to contract. 21 Hawthorne et al. 33 have shown that with the onset of this contraction, the internal length of the heart decreases as the mitral valve is pulled toward the ventricular cavity. Simultaneously there is an expansion of the circumference of the ventricular wall. The initial increase in circumference of the chamber appears to occur before there is any rise in intracavitary pressure. As intracavitary pressure is generated, the circumference contin-ues to increase in size until the moment of aortic valve opening. This coincides with the maximal systolic peak of the apex cardiogram. During the ejection phase the circumference diminishes and a negative wave is inscribed in the apex cardiogram. The pressure in the ventricular cavity continues to decrease until the 0 point is reached, at which time filling from the atrium begins.
Mention should be made of some of the limitations in the recording of the apex cardiogram: thick chest walls precluding adequate contact of the chest piece with the point of the maximum apical impulse, e.g., obesity, large breasts, thick pectoral muscles; intrathoracic disease preventing contact between the heart and the chest wall, e.g., pulmonary emphysema, pleural and pericardial effusion; and abnormal rotation of the heart causing displacement of the left ventricle, e.g., right ventricular hypertrophy, kyphoscoliosis. Even in some of the above instances, adequate attention to the details of positioning the patient and proper placement of the recording chest piece will often permit the operator to record accurate and reproducible apex cardiograms. The small chest piece used in this study facilitated the recording of satisfactory tracings even in individuals whose prominent ribs would have prevented optimal contact of a larger pick-up.
Summary
The configuration of the apex cardiogram and its temporal relationship to the electrocardiogram, phonocardiogram, carotid pulse, and jugular venous pulse were analyzed in 25 normal subjects. In two patients with rheumatic valvular disease simultaneous electrocardiograms, phonocardiograms, left intraventricular pressure and apex cardiograms were obtained. In all cases the apex cardiogram showed a characteristic and reproducible contour -in both its systolic and diastolic components. 
